Conjugated giant macrocyclic oligothiophenes 2Tn (n 2 4), 5Tn (n 2 6), and 6Tn (n 2 5) composed of 2,5 thienylenes, ethynylenes, and vinylenes with 24π to 180π electron systems have been synthesized using a modi ed McMurry coupling reaction as the key step. For the synthesis of cyclo[n](2,5 thienylene ethynylene)s nCTE (n 10 and 12) composed of 2,5 thienylenes and ethynylenes, a bromination dehydrobromination then double elimination procedure was employed. X ray analyses of 2T2 (24π), 5T2 (60π), and 6T2 (72π) revealed unique molecular and packing structures, re ecting their planar cyclic frameworks having medium to large inner cavities. Interestingly, giant macrocycles self aggregate in the solid state to form various nanostructures re ecting their nanophase separation, and the two photon absorption properties of 6Tn (n 2 5) show that increasing π conjugation leads to an increase in the two photon absorption cross section with magnitudes as high as 100,000 GM being realized. Furthermore, the giant macrocycle 6T5 behaves as a synthetic cyclic pigment comparable to the natural light harvesting system.
Introduction
One of the most interesting subjects in the material, chemical, and physical sciences is the creation of fully π conjugated macromolecules with well de ned shapes. This is because of these compounds potential applications in organic electronics. 1 There are three main structural categories of such molecules, that is, (1) linear π conjugated one dimensional (1D) oligo and polymers, 2 (2) two dimensional (2D) polycyclic aromatic hydrocarbons, 3 and (3) π conjugated macrocycles. 1 As synthetic and analytical techniques have advanced recently, so intense interest in these molecules has developed, and not only in their intrinsic characteristics such as electronic and photophysical properties in the bulk state, but also their supramolecular nanostructures. This interest is aspects of both fundamental and materials science. In particular, 1D and 2D supramolecular structures like nano bers, nanotubes, and nanoparticles are attractive for applications in eld effect transistors (FETs), photovoltaic devices, organic light emitting diodes (OLEDs), and ion or gas storage devices, and also as catalysts. 4 To control the properties of these nanostructures, it is desirable to use π expanded nanosized molecules, because it is easy to construct nanostructures from nanosized molecules using a bottom up strategy.
Conjugated macrocycles have in nite π conjugations with a large inner cavity, and thus these π systems have attracted considerable attention owing to their unusual optical and magnetic properties arising from this effective cyclic conjugation. 1 Moreover, since macrocycles have both interior and exterior sites, it is anticipated that site speci c interactions between these sites and small molecules or ions will produce interesting supramolecular structures. 5 In accord with these expectations, relatively small shape persistent π conjugated cyclic compounds function as host molecules for fullerenes 6 and inorganic ions. 7 However, only a limited number of nanoscale conjugated macrocycles have been reported so far, presumably owing to the methods for the synthesis. Generally, repetitive and thus tedious synthetic procedures are necessary to synthesize cyclic structures, which often hamper the experi-mental study of such materials. This means that good molecular design and ef cient synthesis are both key issues in establishing the properties of conjugated nanosized macrocycles. Until now, we have focused on conjugated macrocycles nCTE (n 0, 1 and 2), 5Tn (n 2 6), and 6Tn (n 2 5) composed of 2,5 thienylene, ethynylene, and vinylene building blocks and investigated their unique functional properties ( Figure 1 ). Here, the synthesis, novel molecular structures, electronic and optoelectronic properties, as well as the supramolecular chemistry of π expanded cyclic oligothiophenes are summarized to provide an introduction to the new eld of conjugated macrocyclic oligothiophenes. 8,9
Conjugated Macrocyclic Oligothiophenes
In 2000, Bäuerle et al. synthesized a series of cyclic oligothiophenes and characterized their facinating molecular structures using X ray and STM analyses. 10 Recently, they also developed a new method of synthesizing macrocyclic oligothiophenes via platinum intermediates. 11 We are particularly interested in shape persistent or semi shape persistent macrocycles with extremely large molecular diameters. Although conjugated macrocycles of 20 Å molecular size have been reported by several groups, 12 15 few π expanded cyclic oligophenylenes or oligoheteroarylenes with full conjugation have been studied to date. 16 Parallel to Bäuerle s reports on the synthesis of cyclic oligothiophenes, Mayor and Didschies have reported the largest conjugated molecular ring with a diameter of 11.8 nm. 16 This molecule has a conjugated periphery composed of ethynylene, butadienylidene, 2,5 thienylene, and 1,4 phenylene units; however, it shows weak cyclic conjugation owing to the presence of 1,4 phenylene units inappropriate for extended conjugation. We focused on giant π expanded oligothiophenes of more than 20 Å molecular size. These molecules can show stronger cyclic conjugation and hence easier mobility of ring electrons as compared with known conjugated macrocycles.
Molecular Design and Synthesis
Although no host guest complex derived from large macrocycles made up of oligothiophenes has been reported to date, sulfur atoms having a dipole may incorporate an ion or small molecule in macrocyclic rings such as thiacrown ethers. 17 Furthermore, π expanded oligothiophenes can be envisaged as self assembling into nanostructures such as nanowires, nanotubes, and nanoparticles using S S and π π interactions. 18 Large macrocycles with long alkyl chains usually form an amorphous solid or liquid crystals unlike the well known macrocyclic oligophenylenes which form crystal structures with π π stacking interactions. Thus, reducing the dimensionality of macrocycles having non H bonding interactions from a three dimensional crystal structure into a one dimensional columnar structure leads to the formation of interesting self assembling nanostructures. Our π expanded oligothiophene macrocycles differ from macrocyclic oligoheteroarenes, such as macrocyclic oligothiophenes and oligopyrroles, 9, 19 in that they can exibly form self assembling nanostructures.
In general, repeated and thus monotonic synthetic procedures are inevitable for forming cyclic structures. Recently, however, many practical methods for the synthesis of macrocycles have been developed. 1b,20 It is clear that insightful molecular design and the development of ef cient methodology are both key issues in the construction of complex organic molecules. Previously some medium sized cyclic oligothiophenes have been synthesized by the McMurry reaction, 21 and we have recently found that we can effectively construct giant macrocycles of more than 20 Å molecular size in a similar way.
8 Macrocycles 5Tn and 6Tn are expected to be nearly circular with 30 80 Å molecular diameters and 18 60 Å inner cavities. 22 Furthermore, the calculated structures of 5Tn and 6Tn have no severe ring strain. We also expected that 10CTE and 12CTE could be synthesized from 5T2 and 6T2 by bromination dehydrobromination.
First, we tried the McMurry coupling reaction of diformyldithienylacetylene 1a to determine optimum conditions for the cyclooligomerization of oligothiophene dialdehydes (Scheme 1). 23 Although Kawase et al. reported that the coupling of 1b with a McMurry reagent prepared from TiCl 3 (DME) 1.5 Zn(Cu) in DME afforded the corresponding dimer in only trace amounts together with the trimer (10 15%), 21b the reaction of 1a with a McMurry reagent prepared from TiCl 4 Zn pyridine in THF produced 2T2a (5.8%), 2T3a (4.2%), and 2T4a (2.5%). Comparison of the McMurry reac-tions of 1a using TiCl 3 (DME) 1.5 Zn(Cu) with that using TiCl 4 Zn pyridine shows that the latter reagent seems to be superior to the former reagent for the synthesis of either strained or macrocyclic oligothiophenes.
From consideration of the results shown in Scheme 1, the synthesis of 5T2 5T6 was carried out using TiCl 4 Zn pyridine in THF (Scheme 2). 8a Intermolecular cyclization of 2 under modi ed McMurry conditions produces a mixture of cyclic oligomers, which can be separated easily by gel permeation chromatography on polystyrene with toluene or chloroform as an eluent to afford the 30π dimer 5T2, 90π trimer 5T3, 120π tetramer 5T4, 150π pentamer 5T5, and 180π hexamer 5T6 in respectively 39, 9.4, 6.2, 3.9, and 2.3% yields, together with a 1:3 mixture of the E,Z and Z,Z isomers of 5T2 (7%) (Scheme 2). Since 5T2 crystallizes from chloroform heptane, it can be isolated pure from the mixture of stereoisomers. The intramolecular cyclization of 2 under McMurry conditions was not observed probably owing to dif culty in forming highly strained 30π system 5T1. All macrocycles 5T2 5T6 are stable in the crystalline state and can be stored in air at room temperature for several years. VT NMR spectroscopic studies revealed that 5T2 5T6 show symmetrical structures even at 60 , re ecting rapid conformational changes in solution. 8a Although this reaction produces a mixture of cyclic oligomers 5T3 5T6, the yield of the dimer 5T2 (39%) is within the range permissible to synthetic chemists. Furthermore, the less easy obtainable higher oligomers 5T3 5T6 can also be synthesized by a one step procedure.
Similarly to the synthesis of 5T2 5T6, the intermolecular McMurry cyclization of 3 with TiCl 4 Zn pyridine in THF produces the 72π dimer 6T2, 108π trimer 6T3, 144π tetramer 6T4, and 180π pentamer 6T5 in 39, 8.3, 2.5, and 1.2% yields respectively, together with a small amount of the E,Z and Z,Z isomers of 6T2 (Scheme 3). 8b Furthermore, the 216π hexamer 6T6 was isolated in 0.2% yield, though it was not fully characterized (Scheme 3). The McMurry reaction of 3 produced almost no intramolecularly cyclized 36π system 6T1, although the cyclization using a low valent vanadium complex (VCl 3 (thf) 3 , Zn, DMF, CH 2 Cl 2 ) produced the corresponding cyclic oligothiophene 6 mer diol 4 (55%) as the main product. 24 Cyclo[n](2,5 thienylene ethynylene)s nCTE have highly symmetrical structures and are expected to have unique photophysical properties. Although planar 5CTE has a fairly large ring strain, the strain energy decreases as the ring size increases up to 12CTE which has the least strain among planar cyclo[n]-(2,5 thienylene ethynylene)s nCTE. We tried to synthesize nCTE using three routes, i.e., (1) a bromination dehydrobromination procedure, (2) an intramolecular Sonogashira coupling, and (3) double elimination procedure starting from the condensation of sulfone anions and aldehydes. 25 For the synthesis of nCTE, we rst tried the bromination dehydrobromination of 5T2 and 6T2 (Scheme 4). Thus, bromination of 5T2 with a large excess of Br 2 , followed by treatment Scheme 2. Synthesis of 5Tn (n 2 6). with KOBu t produced 10CTE in 36% yield (Scheme 4). Unfortunately however, a similar treatment of 6T2 with excess of Br 2 , followed by reaction with KOBu t formed only a trace amount of 12CTE. Second, we carried out the intramolecular Sonogashira coupling of the linear precursors 5 and 6. Since 10CTE has almost no ring strain, the Sonogashira coupling of the decathiophene precursor 6 with Pd(PPh 3 ) 4 and CuI in diisopropylamine at 80 for 15 h produced 10CTE in 40% yield. However, the octathiophene precursor 5 afforded 8CTE in only low yield under similar reaction conditions. For the synthesis of 12CTE, the sulfone dianion prepared from 7 was reacted with the dialdehyde 8 (1 equiv). The adduct formed from 7 and 8 was reacted with 2 equiv of diethyl chlorophosphate (2 equiv), followed by treatment with lithium hexamethyldisilazide (4 equiv) producing 3b in 4.3% overall yield. All the macrocycles 8CTE, 10CTE, and 12CTE are stable in air at room temperature for several years.
X ray Analysis
The molecular structures of 2T2a, 5T2, and 6T2 have been determined by X ray analysis (Figures 2 4) . As shown in Figure 2b, 2T2a has an extremely twisted structure, although the corresponding unsubstituted molecule 2T2b has been reported to be planar. 21b The 1 H NMR spectrum of 2T2a at room temperature was consistent with a symmetrical structure, and hence 2T2a may undergo rapid conformational change in solution. The crystal packing of 2T2a having eight butyl groups may force it to adopt a twisted structure (Figure 2c ).
A single crystal of 5T2 from chloroform heptane contains 1.5 molar ratio of heptane to 5T2. As shown in Figure 3a , the 10 thiophene rings connected by unsaturated carbon carbon linkages are arranged circularly with all the sulfur atoms in the s cisoid thiophene rings directed towards the inside. 8a This s cisoid conformation makes the backbone curl back on itself and form a full circle. The intramolecular distances between the sulfur atoms in diametrically opposite thiophene rings are 19.9 and 17.1 Å. The large cavity of 5T2 is lled by a central heptane and the edging butyl groups of neighboring molecules, and the mutual sharing of butyl groups by the neighboring molecules causes its frame to have a slightly bent chair like conformation (Figure 3b ). Heptane molecules incorporated in the ring have considerable mobility, despite the X ray analysis being performed at the low temperature of 180 . This X ray analysis reveals that 5T2 serves as a host molecule to alkane guests. Linear alkanes like hexane and octane can also be incorporated in 5T2 to form single crystals.
A single crystal of 6T2 suitable for X ray analysis was obtained from chloroform decane (Figure 4) . Although 5T2 composed of 10 thiophene units has a nearly circular shape with all its thiophene units in the cisoid form, 6T2 composed of 12 thiophene units has a narrow waist with two thiophene units in the transoid con guration so as to ll the center of the cycle. The resultant small cavities are lled with neighboring butyl groups, and 6T2 has a slightly bent chair like structure. As a result, the single crystal involves no solvent molecule. 8b
Redox Behavior
All expanded macrocyclic oligothiophenes behave as π donors with fairly low oxidation potentials, although linear oligo(thienylene ethynylene)s exhibit lower π donor ability than common linear oligothiophenes. 26 Cyclic voltammetric (CV) analyses of macrocycles 2T2 and 2T4 exhibit one step, two electron oxidation owing to the formation of aromatic 22π and 34π dications 2T2 • and 2T4 • , respectively, whereas the giant macrocycles 2T4, 5T2, and 6T2 show three, four, and three reversible waves respectively, indicating intramolecular cation cation interaction. In contrast, like linear long oligothiophene systems, 5T3 5T6 and 6T3 6T5 show two reversible waves. Therefore, smaller macrocycles exhibit stronger electronic interaction corresponding to on site Coulombic repulsion, but macrocycles larger than a 72π system show only a small on site Coulombic repulsion in their polycationic states.
Oligo and polythiophenes are easily oxidized by electron acceptors to form the corresponding radical salts. Important concepts for realizing high electric conductivity are π π stacking and π dimer formation of cationic species derived from oligo and polythiophenes. Although linear poly(thienylene ethynylene)s seem to produce no electroconductive cationic species owing to dif culty in the formation of stable cationic species, cyclic 5T2 5T6 and 6T2 6T5 produce stable cationic species by oxidation and hence can form an electroconductive oxidation state. Actually, doping of 5T2, 5T3, and 5T4 with iodine vapor resulted in the formation of black materials with moderate conductivities (5T2: σ rt 1.86 10 3 S cm 1 ; 5T3: σ rt 2.63 10 3 S cm 1 ; 5T4: σ rt 2.03 10 3 S cm 1 , measured by 2 probe method). Electric conductivities of all the black materials increased after exposing 5T2, 5T3, and 5T4 to iodine vapor for 5 70 min, though these conductivities gradually decreased to less than one half of their maximum values on further exposure.
Optical Properties
Absorption and emission spectra of macrocycles 5T2 5T6 and 6T2 6T5 measured in CH 2 Cl 2 exhibit a unique feature ( Table 1 ). As has been reported previously, a series of linear oligo(thienylene ethynylene)s up to 16 mer exhibited near saturation for the absorption maximum at the octamer stage. 27 It has been shown that doubling the conjugation length from octamer to 16 mer causes little change in the absorption maximum. In contrast, the expanded cyclic oligothiophenes 5T2 5T6 and 6T2 6T5 exhibit a redshift of their longest absorption maxima with increasing ring size, re ecting an almost full conjugation through the rings. In the case of emission spectra, linear oligo(thienylene ethynylene)s were reported to exhibit two major emission bands based on the vibronic structure of 0 0 and 0 1 transitions. 28 As shown in Table 1 , the uorescence spectra of 5T2 5T6 and 6T2 6T5 show two major emissions at almost the same wavelengths (559 562 and 600 606 nm) with a large Stokes shift of 72 157 nm. The separation of these two emissions in the uorescence spectra corresponds to the vibrational energy gap. 28 Of these giant macrocycles, the two photon properties of 6T2 6T5 were chosen for investigation. 8b The two photon absorption cross sections (δ max ) are 6T2: 15,100 GM, 6T3: 66,700 GM, 6T4: 82,600 GM, and 6T5: 107,800 GM (Figure 5) . Therefore, the increasing ring size and π character from 6T2 (72π) to 6T3 (108π), 6T2 to 6T4 (144π), and 6T2 to 6T5 (180π) result in respectively 4.4 , 5.5 , and 7.1 fold ampli cations of the maximum two photon absorption cross section (Figure 5a ). These large enhancements in two photon absorption cross section are due to intramolecular interactions between these giant macrocycles. It should be noted that the increasing π conjugation leads to an increase in the two photon absorption cross section with magnitudes as high as 100,000 GM in the visible spectral region. Interestingly, for the largest giant macrocycle 6T5 the initial delocalized excited state is followed by incoherent hopping (Figure 5b) . 31 As a result, the life time of the excited state of 6T5 is extended. These experiments suggest that the initial delocalized state increases with ring size, a result comparable to the natural light harvesting system.
Nanostructures and Fiber Formation
Giant macrocycles 5T3 5T6 and 6T3 6T5 form complex supramolecular structures owing to their weak amphiphilic properties. Although 5T2 and 6T2 form single crystals on recrystallization, 5T3 forms microcrystals and nanowires from ethyl acetate/octane, and 5T4 forms nanowires from ethyl acetate/chloroform (Figure 6a,b) . In contrast, 5T5 and 5T6 form nanoparticles from ethyl acetate/chloroform (Figure 6c,d) . None of these microcrystals, nanowires, and nanoparticles of 5T3 5T6 contain any solvent, unlike single crystals of 5T2. The aggregates of 5T3 and 5T4 have well de ned brous structures of 100 nm 200 nm thickness, whereas 5T5 and 5T6 form chained lumps of 300 800 nm size. Similarly, while 6T3 has a petal structure (Figure 7a ), 6T4 and 6T5 form chained lumps (Figure 7b,c) . Since 5T3 5T6 and 6T3 6T5 have both solvophilic and solvophobic moieties, their amphiphilic properties result in microscopic separation, which leads in turn to the formation of nano bers and nanoparticles. a Fluorescence quantum yields (Φ F ) were determined by comparison with quinine sulfate in 0.5 M H 2 SO 4 (Φ F 0.51). 29, 30 Table1. Absorption coef cients and uorescence quantum yields of 5T2 5T6 and 6T2 6T5 in CH 2 Cl 2 .
Conclusions
The McMurry coupling reaction was found to be a versatile tool for the construction of conjugated macrocycles 2T2 (24π) 2T4 (42π), 5T2 (60π) 5T6 (180π), and 6T2 (72π) 6T5 (180π), whereas the intramolecular Sonogashira coupling could be used for 8CET (48π) and 10CET (60π), bromination dehydrobromination of 5T2 for 10CET (60π), and double elimination approach starting from the disulfone 7 and the dialdehyde 8 for the synthesis of 12CET. The giant macrocycles 5T2 5T6 and 6T2 6T5 exhibit a redshift of the longest absorption maxima upon increasing ring size owing to cyclic conjugation through the rings. In contrast, emissions in the uorescence spectra of 5T2 5T6 and 6T2 6T5 are observed at almost the same wavelengths, re ecting the similar HOMO LUMO gaps. The in nite cyclic 2T2 2T4, 5T3 5T6, and 6T3 6T5 can be easily oxidized and show reversible redox potentials by CV analysis, and doping with iodine vapor forms semiconductors. X ray analysis has indicated that 5T2 adopts an almost planar circular shape with the s cisoid thiophene rings, and that a 1.5 molar ratio of heptane to 5T2 locates inside in the cavity. In contrast, 6T2 has a narrowed waist in the middle with two thiophene units in the s transoid con guration lling the central hole of the cycle. Therefore, a single crystal of 6T2 contains no solvent molecules. One of the most interesting properties of these giant macrocycles is their different morphologies on precipitation from aprotic solvents. Thus, 5T2 and 6T2 form single crystals from chloroform heptane/decane, whereas 5T3, 5T4, and 6T3 yield nanowire or petal structures, and 5T5 5T6 and 6T4 6T5 form microscale lumps. Another fascinating feature of the giant macrocycles is their remarkable optical properties: the inherent large two photon absorption cross section and the incoherent hopping in the initially formed delocalized excited state. The extremely large nonlinear optical effects seen with giant macrocycles will open up a new window for studying two photon properties, and the initially formed delocalized excited state of the giant macrocycles is comparable to the natural light harvesting system. 
